The amount of graphene (Gr) in a composite plays a key role in enhancing the performance of the composite. In general, an indirect method, that is, by adjusting the concentration of Gr (or GO) in the electrolyte, is used to study the influence of the graphene content on the properties of copper (Cu)-Gr composite foil. In this paper, we firstly propose a direct and accurate approach, that is, by using an instrumental carbon and sulfur analyzer, to determine the amount of Gr in the direct current electrodeposited Cu-Gr composite foil, and also obtain the relationship between the amount of Gr in the composite foils and the concentration of GO in the electrolyte. Further, mechanical property measurements reveal that: (1) , the values become unstable and declining, which can be attributed to an agglomeration of excess GO in the electrolyte which makes it difficult to be co-deposited into the foil.
Introduction
Graphene (Gr), which emerged recently as a new carbon material with a one-atom thick 2D layer structure, has been recognized as an attractive reinforcing phase due to its unique and excellent physical, chemical and mechanical properties. 1 In general, Gr reinforced metal composites can improve numerous properties of metals, such as: hardness, elastic modulus, tensile strength, corrosion resistance, and wear resistance, 2-4 which indicates an important prospect for the application of Gr in the eld of composites.
So far, various metals including stainless steel, 5 Au, 6 Pt, 7 Ag, 8 Ti, 9 and Cu 10 have been used to prepare Gr-metal composites by using different processes, such as power metallurgy, 11-14 the solgel method, [15] [16] [17] hydrothermal 18, 19 and electrochemical deposition. [20] [21] [22] Among those processes, power metallurgy was the most frequently studied for producing the Cu-Gr composite, in which Gr is mixed with copper powders and composites obtained by hot pressing sintering. 23 The sol-gel method refers to a process in which Gr and metal alkoxide are dissolved into organic solvents to form a homogeneous solution, and then the other components are added for a reaction to form a gel at certain temperatures, and nally dry products. The hydrothermal method is a process in which a specic metal is added into a Gr suspension, reacting under conditions of high temperature and high pressure in a sealed pressure vessel. However, only a few studies are related to the preparation of Grcopper (Cu) composite foil by electrochemical deposition. It has been recognized that adding Gr into the copper matrix will greatly affect the mechanical and electric performance of the composites. However, for the preparation of the electrodeposited Cu-Gr composite foil, there are two critical problems still unsolved: (1) the direct and accurate determination of the amount of Gr in the foil; (2) the relationship between the concentration of Gr or graphene oxide (GO) in the electrolyte and the amount of Gr in the foil. Obviously, the solution of these problems will have a great signicance for the applications of graphene in composites.
Recently, most research has indirectly determined the relationship between the performance of the Cu-Gr composite foil and the Gr content by adjusting the concentration of Gr or GO in the electrolyte. For instance, Pavithra et al. 24 prepared Cu-Gr composite foils by pulse reverse electrochemical deposition.
Compared with a pure Cu foil, the hardness and elastic modulus of the Cu-Gr foil increased by 96%, but the electric conductivity decreased by 35%. They found that the optimal concentration of GO in the electrolyte (from 0. In general, for practical applications, it is best to know the Gr content in the composite foil and to measure its inuence on the foil's mechanical and electrical properties. In this paper, we prepared Cu-Gr composite foils through direct current electrochemical deposition, and rstly proposed a direct approach to accurately determine the amount of Gr in the foil through the measurement of the carbon (C) content in the foil by using a high frequency infrared carbon and sulfur analyzer. Simultaneously, the relationship between the Gr content in the foils and the corresponding GO concentration in the electrolyte was gured out. Due to the complexity of the electrochemical process and numerous inuencing factors on the amount of Gr in the foils, we only investigated the relationship between the Gr content in the foils and concentration of GO in the electrolyte under certain constant parameters, and the effects of other possible factors will be studied in our following work.
Experimental section
All experimental reagents were of analytical grade and deionized water was utilized to prepare the electrolyte. Graphene oxide (GO) was synthesized from natural graphite powders by a modied Hummers' method. 30 The Cu-Gr composite foils were prepared by using direct current electrochemical deposition in an electrolytic bath consisting of 250 g L deposited pure Cu foil was also prepared by using the same electrolyte without the addition of GO. Carbon content measurements of the Cu-Gr foils were made by using a frequency infrared carbon and sulfur analyzer (CS-206, Shanghai Baoying Tech Co., Ltd., China) with an accuracy of 1.0 ppm. The morphologies and chemical compositions of the samples were characterized by a scanning electron microscope (SEM) (S-4800, Hitachi, Japan, and SIRON, FEI, The Netherlands) equipped with an energydispersive X-ray spectroscope (EDS); transmission electron microscope (TEM, JEM-2100, JEOL, Japan) with an acceleration voltage of 200 kV; high-resolution transmission electron microscopy (HRTEM) (JEM 2010 FEF-HRTEM, JEOL, Japan); a laser scanning confocal micro-Raman spectrometer (Lab-RAM HR, HORIBA, France) with a laser excitation wavelength of 488 nm and scans on an extended range of 1000-3000 cm À1 ; a Fourier transform infrared spectrometer (FT-IR, Nicolet iS10, Thermo Fisher, USA) with a scanning range of 525-4000 cm À1 ; an X-ray photoelectron spectroscope (XPS, ESCALAB 250Xi, Thermo Fisher, USA) with Al Ka radiation of 1486.6 eV as the excitation source; an atomic force microscope (AFM, Multimode 8, Bruker, Germany) with scan assist-air probe under peak force mode in ambient conditions. The hardness and elastic modulus of the samples were measured using an instrumental nanoindenter (Agilent G200 Nanoindenter, Agilent Technologies, USA). The CSM standard hardness and modulus test programs were used, in which the harmonic depth and frequency were 2 nm and 45 Hz, respectively. The maximum indentation depth was 2000 nm. For each sample, 10 points were tested to get an average value. The tensile strength of the samples was measured by an electronic universal testing machine (model CMT6203, MTS systems Co., Ltd.) in accordance with the testing method IPC-TM-650, where the width of the samples was 12.7 mm and the tensile rate was 2 mm min À1 . Results and discussion stretching at z1720 cm À1 , C]C (aromatic ring) at z1620 cm À1 , and C-O (alkoxy) stretching at z1043 cm À1 , corresponding to the typical peaks of GO. The TEM image showed that the GO exhibited a kind of layered structure, and HRTEM observation revealed that it was a bilayer GO. AFM measurement indicated that the GO thickness was about 1.6 nm, as shown in Fig. 2 , which also conrmed a bilayer structure for the GO. Fig. 3 shows the SEM images of the GO, pure Cu foil and composite foil prepared by electrochemical deposition. Clearly, GO presented a sheet morphology with wrinkles on the surface, so that it could be dispersed uniformly in the electrolyte. In the Cu-Gr foil, the layered Gr structures were observed on the etched surface, but the layered Gr was not found in the pure Cu foil. In addition, it was noted that aer etching, the Cu-Gr foil exhibited stronger corrosion resistance than the pure Cu foil in hydrochloric acid, because there were a lot of etching holes on the surface of the pure Cu foil, while there were very few holes on the surface of the Cu-Gr foil. EDS chemical composition analysis revealed that only the peaks of Cu La and Cu Ka were observed for the pure Cu foil; while an additional relatively strong peak of C Ka and a weak peak of O Ka existed for the composite foil, as shown in Fig. 4 . This result further indicated that GO has been co-deposited into the composite foil, but the amount was low. Fig. 5 shows the EDS mapping of the element distributions in the Cu-Gr foil. It can be seen that the Cu, C and O elements were distributed uniformly in the foil, and a few Gr aggregated in some areas, which demonstrated that GO has been codeposited uniformly in the Cu-Gr foil. This was because the hydrophilicity of GO was improved by oxygen functional groups like carboxylic acid, and GO could also suspend stably in the electrolyte due to the addition of a few proper surfactants. However, during electrochemical deposition, GO was reduced partially to Gr at high current, 28 which decreased the oxygen functional groups and increased the hydrophobicity of GO, so that it was easier to form GO agglomerations. The XPS measurements revealed that the C/O ratio was 2.73 for Gr in composite foil, and 1.14 for original GO, which indicated that the GO had been reduced during the process. Fig. 7 shows the cross sections of pure Cu foil and the composite foil aer tensile failure. It was found that the facture surface of the composite foils was signicantly different from that of pure Cu foil. That is, the dimples in the composite foil revealed a higher ductility than pure Cu foil. It seemed that the GO exhibited an adhesive effect on the composite foil, and improved the tensile strength. More in-depth work is being carried out in our further experiments. 
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It is well known that besides the homogeneous distribution of Gr in the composite, its amount is also a main factor affecting the performance of the composite. So far, most research work estimates the Gr content and its inuence on the property of the composite indirectly by controlling the concentration of Gr or GO in the electrolyte. 24, 28, 29 However, at present electrochemical deposition is a complex process, because Cu ions (+0.34 V) and Gr (+1.2 V) deposit at different sedimentation potentials. Therefore Cu and Gr do not deposit and reduce at the same time. That is to say, during the deposition, the relationship between the amount of Gr in the foil and Gr (or GO) in the electrolyte is not necessarily linear. Strictly speaking, the amount of Gr in the foil should be determined directly and accurately in order to reveal the exact effect on the performance of the composite foil.
In this work, we present an approach to directly and accurately determine the Gr amount in the Cu-Gr composite foil through the measurement of carbon content in the foil by using a hypersensitized carbon and sulfur analyzer, which is commonly used in the iron and steel industry for chemical composition analysis. The working principle of the carbon and sulfur analyzer is as follows: rstly the rened carrier gas (oxygen gas) is passed into the burner (a resistance furnace or high-frequency furnace), and then the carbon and sulfur elements in the samples will be oxidized into CO, CO 2 and SO 2 . These gas mixtures are transported into a sulfur detection pool in order to determine the amount of sulfur. Subsequently, gas mixtures are further oxidized in order to convert CO into CO 2 and transported into the carbon detection pool to determine the amount of carbon. The residual gas is discharged into the outside. The accuracy grade of this equipment can be up to ppm for measurements of carbon and sulfur. In addition, establishing the relationship between the concentration of Gr (or GO) in the electrolyte and the amount of co-deposited Gr in the composites also has great value both in theory and in practice. Fig. 8 illustrates the relationship between the GO concentrations in the electrolyte and the Gr content in the composite foils. It was found that with a sequential increase in the GO concentration in the electrolyte, the amount of carbon (C) in the composite foils increased at rst and then decreased. And the rst portion exhibited an approximately linear relationship with a slope of 0.0595, which revealed that the C content in the foil increased slowly along with the increase in GO concentration in the electrolyte. Aer the amount of co-deposited Gr reached its maximum value (about C ¼ 0.03594 wt%) at 0.5 g L À1 GO concentration in the electrolyte, with a further increase in GO concentrations in the electrolyte, the Gr content in the foil showed an abrupt downward trend at rst, and then continued down. This is because the rheological behaviour of the electrolyte changed with an increase in the GO concentration. That is to say, the dominant interparticle forces, including electrostatic repulsive forces and van der Waals forces, change according to the GO concentration in the electrolyte during electrodeposition. Considering the complex hydrodynamic interactions, we propose the following possible changes: (1) in the range 0.1-0.5 g L À1 , electrostatic repulsive forces play a leading role, because GO with charged ions disperses uniformly under the presence of a surfactant. (2) However, when the concentration is higher than 0.5 g L À1 , the dominant interparticle force gradually becomes the van der Waals force because of the over high surface Gibbs free energy of GO. Thus, when the concentration of GO in the electrolyte is excessive, despite the presence of a surfactant, the oversized GO agglomerations occurred and the GO dispersion in the electrolyte also became worse. In this way, these agglomerations would be easier to be desorbed from the cathode under the strong convection, so that they were more difficult to capture into the composite foil.
31
Fig . 9 and 10 show the changes in mechanical properties of the composite foils with an increase in the GO concentration in the electrolyte. Obviously, compared to Fig. 8 , the values of elastic modulus, hardness and tensile strength exhibited similar tendencies with variations in the GO concentration in the electrolyte. That is to say, when the GO concentration was up to 0.5 g L À1 in the electrolyte, the amounts of C or Gr in the foils were at their highest, and the corresponding mechanical properties also reached their maximum values, which is coincident with the results of many studies. 20, 24, 32 However, when the GO concentration in the electrolyte further increased, the decrease in the co-deposited Gr in the foil resulted in a decrease in its mechanical properties. Actually, at a high concentration of GO in the electrolyte, the mechanical properties of the foils were unstable due to the GO agglomerations and the complexity of electrochemical deposition. This phenomenon suggested that the GO concentration in the electrolyte should not be too high.
Conclusions
(1) A Cu-Gr composite foil was prepared by using direct current electrochemical deposition. The amount of Gr in the foil was directly and accurately determined through measurement of the carbon (C) content in the foil by using a high frequency infrared carbon and sulfur analyzer. And the relationship between the Gr content in the foils and the corresponding GO concentration in the electrolyte was obtained for the rst time.
(2) The variations in mechanical properties involving elastic modulus, hardness and tensile strength of the Cu-Gr foils were similar to the changes in amount of Gr in the foils with an increase in the GO concentration in the electrolyte.
(3) According to the current process, the optimal GO concentration in the electrolyte was 0.5 g L À1 , which resulted in a maximum value of corresponding amount of C (0.03594 wt%) in the foil and the highest mechanical properties of the foil. However, excessive GO concentration in the electrolyte would cause agglomeration and make it more difficult for codeposition into the foil. Compared with the pure Cu foil, the Cu-Gr foil exhibited a great enhancement in mechanical properties and had optimum values. (4) The present approach for directly determining the amount of Gr in composites by using a carbon and sulfur analyzer has many advantages, such as simplicity, rapidity, high accuracy and good repeatability. It is expected to be employed in other areas of metal-graphene composites, and shows important signicance both in investigation in the laboratory and in industrial applications.
